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ABSTRACT 

We present new X-ray, radio, and optical data for the unusual galaxy/cluster system J2310-437. Our results 
confirm the presence of an active nucleus, and suggest an interpretation as an anomalous BL Lac object of bulk 
relativistic Doppler factor < 2, with an optically dehcient radio-to-X-ray spectrum. The radio, optical, and soft 
X-ray flux densities could lie along a single power-law function, lacking the curvature typical of BL Lac objects. 
Compared with other known sources that may have comparable multifrequency spectra, J2310-437 is the most 
extreme. Its low isotropic optical/UV radiation is consistent with the intensity of external photons governing the 
electron spectral break through Compton cooling; in this source the external photon density would be too low to 
produce a spectral break below the X-ray. 


1. INTRODUCTION 

The galaxy/cluster system J2310-437 is unusual. CCD im¬ 
ages and spectroscopy identihed the Einstein X-ray source 
E2307-44 (B1950 coordinates) with a galaxy of V = 16.05 ± 
0.02 mag and z = 0.0886 at the center of a cluster of Abell 
richness class 0 (Tucker, Tananbaum & Remillard 1995). 
ROSAT PSPC observations showed X-ray extent (Tananbaum 
et al. 1997). However, while the 0.5-2.5 keV luminosity^ of 
~ 7.5 X 10"^^ ergs s“' would make J2310-437 one of the most 
luminous known cluster X-ray sources for its richness class (c/ 
Briel & Henry 1993), a plausible but non-unique interpretation 
of the PSPC data was a combination of cluster and AGN emis¬ 
sion. Tananbaum et al. (1997) favored associating about 80% 
of the X-rays with an AGN, noting the ~ 20" positional coin¬ 
cidence of the galaxy with the 61 mJy radio source J2310-437 
from the PMN 4.85 GHz survey (Griffith & Wright 1993; Con¬ 
don, Griffith & Wright 1993). However, they pointed out the 
lack of evidence for an AGN in the optical, where the spec¬ 
trum is typical of a normal elliptical galaxy, devoid of emission 
lines. The radio and X-ray strength combined with the upper 
limit on optical continuum from the putative AGN component 
would place it as an extreme BL Lac object. 

In this paper we present ROSAT HRI observations which 
verify the compact nature of much of the X-ray emission. Ra¬ 
dio imaging and polarization measurements with the Australia 
Telescope Compact Array (ATCA) conhrm the identihcation of 
the X-ray emitting galaxy with the radio source. We present a 
new optical spectrum from which we derive improved upper 
limits to an optical AGN component. Einally, we discuss the 
classihcation of this extreme source, its relation to other AGN 
populations, and the process that might be responsible for its 
multiwavelength properties. 

2. ROSAT HRI X-RAY OBSERVATIONS 

If indeed ~ 80% of the X-rays detected with the PSPC were 
from an AGN, the better spatial resolution of the HRI was ex¬ 
pected to reveal a core of bright unresolved emission in our 


50 ks exposure. The ROSAT scheduling algorithm caused the 
HRI observations to be carried out in two unequal observing pe¬ 
riods roughly 6 months apart; details are given in Table Our 
analysis was performed with the IRAE/PROS. Spatial analysis 
also used generalized software (Birkinshaw 1994; Worrall & 
Birkinshaw 1994) for htting radial prohles to combinations of 
models convolved with instrument Point Response Eunctions 
(PREs). 

The ROSAT HRI data for the region in the vicinity of J2310- 
437 are shown smoothed and contoured in Eigure ||. The data 
from 1995 give radially symmetric contours whereas the 1996 
data show clear ellipticity with the major axis running roughly 
east-west. The two data sets were taken at different spacecraft 
roll angles, and the apparent difference in source shape is un¬ 
doubtedly because the 1996 data are more affected by resid¬ 
ual errors in the aspect corrections applied to the photons (Ap¬ 
pendix^. The impact on our analysis is that we use only the 
(higher-quality) 1995 data to probe the spatial distribution of X- 
rays associated with J2310-437; unfortunately these data repre¬ 
sent just less than 20% of the total HRI exposure. Both data 
sets have been used to search for X-ray variability. 

2.1. Spatial Decomposition 

Aside from the effects of the aspect-correction residual er¬ 
rors in the 1996 HRI data, there is no obvious extended X-ray 
emission associated with J2310-437; instead a bright central 
component is seen, and two fainter sources are detected within 
a radius of 3 arcmin (Eig. ^). The 1995 data give an excellent fit 
to the nominal PRE of David et al. (1996), as seen in Eigure ||. 

The HRI data constrain the models which Tananbaum et 
al. (1997) ht to the ROSAT PSPC data. The PSPC data give an 
acceptable ht to a single component fj model, appropriate for 
gas in hydrostatic equilibrium^. However, applying the corre¬ 
sponding best-ht model parameters to the 1995 HRI data gives 
Xmin =169 for 17 degrees of freedom, as compared with Xmin - 
14 for the ht to a point source (18 degrees of freedom). 

The PSPC data give an unacceptable ht to unresolved emis¬ 
sion alone, and so why is there no resolved emission evident 
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Table 1 

ROSAT HRI OBSERVATIONS OF J2310-437. 


Dates 

Number 

Total 

Nominal 


of intervals 

Livetime (ks) 

Roll Angle 

Nov 22 - 30, 1995 

6 

7.437 

36° 

May 1 - Jun 4, 1996 

23 

31.435 

-141° 



Fig. 1.— HRI data from 1995 (left) and 1996 (right). Pixels are 0.5 x 0.5 arcsec square and the plots show a 256 x 256 pixel region 
centered on J2310-427. The data have been smoothed with a Gaussian of cr = 4 arcsec. In each case the lowest contour corresponds 
to a value which should occur only in four pixels of the map by chance (i.e., 3.8cr significance), as determined using a method 
appropriate for Poisson statistics (Hardcastle et al. 1998b). For the 1995 data (which fit a point source; Fig. ^ the maximum is 0.91 
cts/pixel and contours are at 0.011, 0.018, 0.03, 0.05, 0.08, 0.13, 0.19, 0.28, 0.42, and 0.7. For the 1996 data the maximum is 2.14 
cts/pixel and contours are at 0.018, 0.04, 0.06, 0.12, 0.2, 0.3, 0.44, 0.64, 0.92, and 1.6. 


J2310-437 



RA (J2000) 

Fig. 2.— HRI X-ray contours from the (longer) 1996 observation superimposed on an R-band CTIO 1.5 m telescope CCD image; 
the contour threshold is determined as for Figure [|. Two X-ray sources in addition to J2310-437 are seen; the one to the SW may be 
associated with a galaxy, whereas that to the SE may be associated with a faint object apparent in the I-band image of Tananbaum et 
al. (1997). Neither of these additional X-ray sources was detected in the radio in our ATCA observations. 
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Fig. 3.— The observed HRI radial profile from November 1995 (net counts and Icr uncertainties plotted as crosses) gives an excellent 
fit to a point source characterized by the nominal PRP of David et al. (1996); = 13-7 for 18 degrees of freedom. Background, as 

measured in a source-centered annulus of radii 2.5 to 4 arcmin, has been subtracted from the data, and the PRP is normalized to the 
net counts in the profile. 


in the HRI data? We have extended the PSPC model fitting 
beyond that described in Tananbaum et al. (1997) in order to 
examine two-component fits (/3-model plus unresolved emis¬ 
sion) in which the relative normalizations of the two compo¬ 
nents are allowed to vary. Results are shown in Figure The 
best-fit model has /3 = 2/3 and core radius = 25 arcsec, with 
roughly 80% of the counts in the unresolved component. How¬ 
ever, larger /3 and are allowed within 90% confidence limits, 
and then the emission in the unresolved component becomes 
closer to 90%. 

We have fitted the HRI radial profile to point-like plus re¬ 
solved emission, where the combination of parameters describ¬ 
ing the resolved emission (including normalization) is con¬ 
strained by the PSPC fits (Fig. We allow the normalization 
of the point-like component to be a free parameter, since this 
emission might plausibly have varied in intensity between the 
epoch of the PSPC observations (Nov. 1993) and that of the 
HRI. Our spectral conversions use the Galactic column den¬ 
sity with a power law of energy index a= 1.43 {fi, cx v~°^) 
for the point-like emission and a Raymond-Smith spectrum of 
kT = 1.18 keV (50% cosmic abundances) for the /3-model com¬ 
ponents (Tananbaum et al. 1997). Although the two-component 
model giving the best fit to the PSPC data is a relatively poor 
fit to the HRI data, there are models within the 90% confidence 
range for the PSPC which are acceptable (Table The con¬ 
straint on extended emission from the HRI data places a lower 
limit of ^ 0.36 pJy on the 1 keV flux density of the unresolved 
emission measured with the PSPC, with a preferred value of 
0.4 fiJy. We adopt /3 = 2/3, 0cx = 55 arcsec as the new best-fit 
/3-model parameters. 

2.2. X-ray Light Curve 

Table ^ gives the ratio of the 1 keV flux densities for the 
point component in the HRI and PSPC fits. Although no value 


is inconsistent with unity at high confidence (save the (3 = 2/3, 
0CX = 6 arcsec model, which can be ruled out on the basis of x^), 
and values are closer to unity in cases where the fits are more ac¬ 
ceptable, there is a suggestion that the flux density increased by 
about 10% between the PSPC (Nov. 1993) and HRI (Nov. 1995) 
observations. Any hardening of the spectrum with time would 
increase the ratio; for example, hardening to a = 0.65 (closer to 
the extrapolated radio to X-r^ spectral index, see later), means 
values in column 5 of Table g should be multiplied by a factor 
of 1.4. The HRI observations indicate no significant change in 
intensity between Nov. 1995 (0.078 ± 0.0034 cts s“*) and May 
1996 (0.071 ±0.002 cts s“*) and no significant intra-month vari¬ 
ability. However, the complexity of the source and our rather 
imprecise knowledge of the extended structure and source spec¬ 
trum conservatively suggest that variability of the point compo¬ 
nent by as much as 50% over a timescale of a few years cannot 
be ruled out. 

3. ATCA RADIO OBSERVATIONS 

We observed J2310-437 with the CSIRO/ATNF Australia 
Telescope Compact Array (ATCA) for 13 hours (including 
setup and calibration) between UT 1997 January 29th 22:30 
and January 30th 11:30. The array was in the 6A configuration, 
giving baselines from 0.34 to 6 km. All six antennas were on 
line for most of the time. The observations were made in four 
frequency bands (Table ||), with half the time at L and S bands, 
and half at C and X. Observing intervals were interleaved to 
give full hour-angle coverage and no large gaps in the uv-plane. 
Heavy rain and thick cloud necessitated phase and gain calibra¬ 
tions every 12 minutes. Secondary calibrations used the nearby 
quasar PKS 2311-452, while the primary flux-density calibra¬ 
tion is based on observations of PKS 1934-638 at the beginning 
and middle of the 13-hour run. 32 frequency channels were 
used for each band; 16 of these are independent, but one (chan- 
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9 ^^ (arcsec) 

Fig. 4.— vs core radius, 0cx for a fit of the ROSAT PSPC radial profile (1172 net counts) in 14 bins out to a radius of 210 arcsec 
with a /3-model plus point source. The /3-model parameters for the best fit are /3 = 2/3 and 0cx = 25 arcsec. The dashed line is at 
X^;n+4-6, corresponding to 90% confidence for two interesting parameters. As an extension to the work of Tananbaum et al. (1997), 
the fraction of counts in the point source (within the extraction radius), /, has been fitted rather than fixed at 0.8. The maximum 
permitted fraction (/max) for any /3 is at the largest permitted 0cx for that /3. We find that /max depends negligibly on the value of /3 
and is ^ 0.9 at 90% confidence, /min for a given (3 corresponds to the smallest permitted 0cx for that /3. For example, /min = 0.5 for 
/3 = 2/3, 0CX = 6 arcsec, and /mm = 0.76 for /3 = 1.2, 0cx = 40 arcsec. 


Table 2 

HRI RADIAL FITS TO A PSPC-NORMALIZED j3 MODEL PLUS A POINT SOURCE. 


0 

6cx (arcsec) 

tool (yr) “ 

/l keV, AGN (/rJy) “ 

/ HRI \ c 

Vpspc^agn 

for 17 dof 

0.5 

2 

3.2 X 10* 

0.33 ±0.014 

1.19±0.08 

25.5 

0.5 

25 

1.3 X 10‘“ 

0.39 ±0.014 

1.09 ±0.065 

17.0 

2/3 

6 

5.8 X 10* 

0.22 ±0.014 

1.51±0.13 

88.0 

2/3 

25 

7.4 X 10'* 

0.37 ±0.014 

1.13±0.07 

26.6“' 

2/3 

55 

2.7 X lO'” 

0.40 ±0.014 

1.09 ±0.065 

16.7 = 

0.9 

25 

4.6 X 10® 

0.33 ±0.014 

1.21 ±0.08 

50.9 

0.9 

80 

3.6 X 10‘“ 

0.40 ±0.014 

1.08 ±0.065 

16.9 

1.2 

100 

4.3 X 10'“ 

0.40 ±0.014 

1.08 ±0.065 

17.4 


“Average cooling time within 0cx- These values should be compared with a 
Hubble time of ~ 2 x 10'° yr. 

1 keV flux density for the unresolved component from the PSPC fit, cor¬ 
rected for the fact that only 96% of the PSPC counts lie within a source- 
centered circle of radius 3.5 arcmin. 

“Ratio of normalization of the unresolved emission in the HRI and PSPC 
fits, corrected for the response of the instruments assuming a power-law spec¬ 
trum with a = 1.43 and Galactic absorption. 

‘^Best-fit case for the PSPC data. 

“Adopted as giving new best-fit parameter values. 


Note. —Figure Q shows goodness of fits to the PSPC data. 
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nel 4) was removed because of self interference, and the two 
end channels were removed because of low signal strength. 10- 
second integrations were used for all observations at all bands. 
The data were calibrated, mapped, and self-calibrated using the 
ATNF’s Miriad software package. Final mapping and polar¬ 
ization analysis used AIPS, with weighting schemes chosen to 
maximize signal-to-noise or to permit the best spectral-index 
measurements. 

3.1. Radio Images and Polarization 

Figure ^ shows contour maps of the processed data for each 
frequency band with polarization E vectors superimposed. The 
maps are affected by uv-sampling and frequency; the L-band 
image provides our best information about large-scale structure 
and the X-band measures the core and inner jet-structure only. 

3.1.1. X Band 

The image shows one-sided extended emission to the SE with 
16 ± 3 mJy of diffuse emission extending about 10 arcsec at a 
position angle of 150°. This jet appears to come out from the 
core at a position angle of about 130°. Core polarization of 
about 2% is seen, with the magnetic field aligned perpendicu¬ 
lar to the jet. Polarization in the jet is detected at low signal to 
noise and appears to peak at ~ 15% about 2 arcsec SE of the 
nucleus, still with the inferred magnetic field perpendicular to 
the jet. 


3.1.2. C Band 

The total flux in our measurements is 42 ± 4 mJy. Since the 
PMN survey measured 61 mJy (Griffith & Wright 1993), about 
20 mJy of C-band diffuse emission should be present on scale 
sizes greater than 20 arcsec, which is the largest scale to which 
the 6A array is sensitive. It is also possible that a variable core 
contributes to the discrepancy. The diffuse structure and jet are 
one sided and resemble the X-band in structure and polariza¬ 
tion. There is no significant Earaday rotation present between 
X and C bands. 


3.1.3. S Band 

The image shows two-sided structure with some evidence of 
tails curving back to the N and ESE. The polarization struc¬ 
ture in the core is particularly striking. A small rotation of the 
plane of polarization, about 15 degrees, is seen relative to the E 
vectors at C band. 


3.1.4. L Band 

The curvature of the two-sided tail structure is most evident 
at this frequency. The total measured flux density is about 
99 mJy, and the extent of the L-band image is roughly that of the 
cluster-related PSPC X-rays. The spectral index between the S 
and L bands in the SE and NE lobes is a 0.8 (/^ oc in 
the normal range for optically-thin synchrotron emission. The 
position angle of the jet to the SE is similar to that in the inner 
region at X-band, suggesting bending from a position angle of 
~ 130° to ~ 150° and back to ~ 130° with increasing distance 
from the core. The E vectors in the core are rotated by about 50 
degrees with respect to those at S band, and the polarized frac¬ 
tion peaks at about 30%, to the NW of the core. The Earaday 
rotation measure, which is about -25 radians m~^ (varying by 
~ 10 radians m~^ over the inner part of the source), could arise 
entirely from gas and fields in our Galaxy. 


3.2. The Radio Core 

The radio core lies at a = 23** 10” 4P.76 ± 0.01, (5 = -43° 
47' 34".3 ±0.3 (J2000). The flux densities (Table |) imply a flat 
spectrum, with a component of the emission becoming optically 
thin between the C and S bands. While the position confirms 
the association between the radio emission, the optical galaxy, 
and the X-ray source, there are remaining small discrepancies. 
The galaxy centroid determined from the Southern Sky Survey, 
as digitized by the Space Telescope Science Institute, agrees in 
right ascension but is 1.6 arcsec north in declination. The most 
likely explanation is an error in the calibration of the optical 
reference frame for this part of the sky. The centroid of the 
HRI position agrees to within an arcsecond with that from the 
digitized sky survey; on the one hand this is surprising because 
the HRI aspect-correction uncertainties can result in centroids 
which are in error by several arcseconds, but on the other hand 
the closer agreement to the optical centroid than to the radio po¬ 
sition may reflect the fact that X-ray positions are determined 
with respect to the optical reference frame rather than the radio. 
The X-ray centroid for the lower-resolution PSPC data (Tanan- 
baum et al. 1997) is 3.5 arcsec to the south of the radio core. 


3.3. The Overall Radio Structure 


At X- and C-band the radio structure is predominantly one¬ 
sided. Since at lower frequencies the structure is clearly two- 
sided, a possible interpretation is that the source is a (slightly 
wiggly) twin jet, where the SE side experiences greater Doppler 
boosting towards the observer. The data allow us to place limits 
on the jet to counter-jet ratio, R, of > 3 from the X-band map 
(with R ~ 3.5 on 2" scale), and > 8 on 5" scales from the C- 
band map. At S- and L-band the resolution is too low to provide 
useful information. 

It is hard to classify this source by comparison with other ra¬ 
dio sources seen in poor clusters. However, in section 5.2.1 we 


note that at least one radio source, the X-ray selected BE Lac 
object 0548-322, has a similar morphology. If the bending in 
J2310-437 which is measured at L-band continues at lower sur¬ 
face brightness, the source power and structure are somewhat 
reminiscent of narrow-angle tail (NAT) sources such as 3C 83.1 
B, in which the jets are bent back to become approximately par¬ 
allel. However, such sources are usually associated with non¬ 
dominant cluster galaxies, with the bending attributed to mo¬ 
tion of the host galaxy through the intra-cluster medium. Wide- 
angle tail (WAT) sources are more often seen in the centers of 
clusters. The prototypical WAT is 3C 465 in Abell 2634, but 
WATs also occur in poor clusters, such as the source 1919H-479 
(Pinkey, Burns & Hill 1994). The bending of WATs is often in¬ 
terpreted as due to galaxy mergers. WAT sources are typically 
larger than 500 kpc in extent, whereas the L-band emission we 
measure in J2310-437 spreads only over about 300 kpc. Also 
the jets in WATs tend to show hot-spots at the position of bend¬ 
ing, rather than the smooth fall-off in intensity seen in J2310- 
437. J2310-437 is more reminiscent of low power radio galax¬ 
ies such as 3C 449 or 3C 31, but unlike them exhibits a severely 
bent outer structure. More sensitive X-ray measurements of the 
cluster environment are needed before we can say if this bend¬ 
ing can be explained as a buoyancy effect or interaction with 
the hot X-ray emitting gas. 

4. CTIO OPTICAL SPECTRUM 

Our earlier optical spectrum of J2310-437 (Tucker et 
al. 1995) did not cover Ha or the Ca II break, but both re- 
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Table 3 

Radio-core flux densities at the four observing frequencies. 


Band 

Frequency (MHz) 

/core (mJy) 

L 

1384 

27.7 ± 2.0 

S 

2368 

27.9 ± 0.6 

c 

4800 

20.6 ± 0.5 

X 

8640 

20.9 ± 0.3 


Note.—A ll bands were 112 MHz 
wide, centered on the reported fre¬ 
quency, with an 8 MHz “notch” for a 
missing channel 



RIGHT ASCENSION lIZOOO) 


RIGHT ASCENSION (JJOOOl 


Fig. 5.— L-band (top left), S-band (top right), C-band (bottom left) and X-band (bottom right) radio maps of J2310-437 with po¬ 
larization E vectors (length proportional to polarized flux) superimposed. Note scale change between upper and lower figures. The 
restoring Gaussian beams have a FWHM of 6.5" (L-band and S-band), 2" (C-band) and 1.5" (X-band). Contours are at 0.2, 0.4, 
0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8, 2, 3, 4, 5, 6, 7, 8, 9, 10 mJy, with -0.2 mJy shown dashed. The maps show a transverse magnetic field 
following the line of the jet and significant radio polarization in the core. The signal to noise of the polarization is low within the 
lowest three contours of each map. 
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gions can provide evidence for nuclear activity. Consequently, 
new observations were performed with the CTIO 1.5 meter 
telescope on 1996 May 15. We used the Cassegrain spectro¬ 
graph with the Loral IK CCD. The wavelength range of 3800 - 
7230 A was sampled with 8 A resolution (FWHM), using a slit 
width of 3 arcsec. The exposure time was 1500 s during clear 
sky conditions, and the subsequent target was a flux calibration 
standard that was observed at a similar value of the air mass 
(1.20). Spectral reductions and calibrations were performed us¬ 
ing IRAF. We deliberately limited the extraction aperture to a 
window of ±1.5 arcsec, thereby sampling only the 3" x 3" core 
of the galaxy. The result is shown in Figure 0 There is no Ha 
emission line, at an upper limit of 6.0 x 10^® ergs cm“^ s“'. 
For comparison purposes, we also extracted a spectrum from a 
source-centered 12" x 3" region. 

The blue end of the 3" x 3" spectrum (Fig. ||) shows nor¬ 
mal absorption features, including the Ca II H and K lines and 
the g band, redshifted by z = 0.0886. Following Dressier & 
Shectman (1987) we quantify the size of the Ca II break as 
the fractional drop in flux {f^ units) between the 4050-4250 A 
and 3750-3950 A galaxy rest-frame bands. The values found 
(0.46 ± 0.02 for the 3" x 3" spectrum and 0.47 ± 0.02 for the 
12" X 3" spectrum) are both in the normal range for elliptical 
galaxies. 

Since there is no evidence of Ha emission, we derive an 
upper limit for the blue emission from any AGN nucleus by 
calculating the maximum continuum that can be added to the 
3" X 3" spectrum before the Ca II break is diluted to 0.40, 
the value proposed by Marcha et al. (1996) as borderline be¬ 
tween galaxies with and without an AGN continuum, and a 
value ~ 3(7 away from our results. A convenient model for 
the continuum source is provided by H1722 h- 119 (Brissenden 
et al. 1990), which is an X-ray selected BL Lac object (XBL) 
with no evidence for a visible host galaxy. The optical con¬ 
tinuum of H1722 h- 119 is well fit by a single power law with 
/a oc corresponding to oc In using this rela¬ 

tively steep (i.e., red) spectrum rather than the average value 
of fi, oc found (with large dispersion) for multiple obser¬ 
vations of 10 XBLs by Falomo, Scarpa & Bersanelli (1994), 
we are being conservative by tending to maximize the allowed 
nonthermal contribution to the spectrum of J2310-437 at the 
Ca II break. After converting to the observed frame, for fre¬ 
quencies close to the Ca II break we And a maximum BL Lac 
flux density of f\ = 1.4 x 10“^®(A/A)“°-^^ ergs cm“^ s“' A“'; 

= 2.5 X 102‘^(j^/Hz)-i'®VJy- 

Evidence that an AGN optical continuum may lurk at a level 
close to our limit comes from comparing our results with Cac- 
cianiga & Maccacaro (1997)’s recent spectrum taken using the 
ESO 3.6 m telescope with a 1.5 arcsec slit. Erom an extrac¬ 
tion region of 0.6" x 1.5" (Maccacaro 1997; private commu¬ 
nication), containing less galaxy light than our 3" x 3" spec¬ 
trum, they And a Ca II break of 0.38 ± 0.04 compared with 
our value of 0.46 ± 0.02. Although the values are consistent to 
within 2(7, they suggest that a central continuum may dilute the 
break. When the spectral extraction region excludes the inner 
1.8" X 1.5" of the galaxy, Caccianiga & Maccacaro (1997) And 
a contrast of 0.47 ± 0.05, in good agreement with our results. A 
detailed comparison of the allowed level of nonthermal contin¬ 
uum is not possible, since the Caccianiga & Maccacaro spec¬ 
trum has no absolute flux calibration, and different slit widths 
and extraction apertures are used. However, their measurement 
is consistent with roughly equal AGN and elliptical galaxy con¬ 
tributions at ^ 4300 A (observed frame) if the elliptical galaxy 


has a normal Ca II break of 0.6. This result may be in agree¬ 
ment with our upper limit of about 20% AGN continuum in the 
same wavelength region due to our larger slit size and extrac¬ 
tion region. Eurther improvement in the optical evidence for an 
AGN would require a high-quality UV spectrum taken with a 
narrow slit or a high-quality image, such as is possible with the 
HST. 


5. DISCUSSION 


5.1. The Cluster 

The X-ray source includes a component from a hot atmo- 
sphe re o f cluster scale with /? = 2/3 and = 55 arcsec (sec¬ 
tion [2.jJ ). Physical parameters for the cluster gas are given in 
Table Q The 0.5 - 2.5 keV luminosity is in good agreement 
with Abell richness class 0 clusters (Briel & Henry 1993), and 
the extrapolated 2-10 keV luminosity of 3.7 x 10"^^ ergs s“^ is 
consistent with David et al. (1993)’s temperature - luminosity 
correlation. 

Table gives the mean cooling time for gas within 0cx cal¬ 
culated using equations 10 and 25 of Birkinshaw & Worrall 
(1993). The cooling time within one core radius is compara¬ 
ble to the Hubble time for the best-fit model, suggesting that a 
strong cluster cooling flow is unlikely. However, there are ac¬ 
ceptable fits with small core radii and significant cooling flows. 
Whereas a /3-model profile is quite flat at small radii, a cooling 
flow would give excess emission of steeper gradient. A strong 
contribution of such a component of scale-size ^ 5 arcsec is 
ruled out by the excellent fit of the PRE to the November 1995 
HRI data (Eig. |). Moreover, since ROSAT finds compact X- 
ray emission (section 5.2) of almost ten times the luminosity 
of the cluster, it is highly unlikely that a cluster cooling flow 
dominates the central X-ray emission. However, data of higher 
spatial resolution are needed to place useful constraints on a 
possible contribution. 

Before concluding that the predominant X-ray emission from 
J2310-437 is associated with an AGN, we should also con¬ 
sider X-ray emission from unusually dense, sub-galaxy, hot 
gas. Eor simplicity we characterize the unresolved HRI emis¬ 
sion as produced in a sphere of uniform density with a radius of 
11.4 kpc, corresponding to a conservative limit of 5 arcsec ra¬ 
dius. The two-component thermal fits to the PSPC data (Tanan- 
baum et al. 1997) constrain the temperature of the cooler gas 
to ~ 0.1 keV, giving a cooling time of ~ 1.7 x 10^ years and 
~ 65OOM0 per year of cooling gas. We might expect one Ha 
recombination photon to be released per cooling atom, giving 
a rate of ~ 2 x 10^^ Ha photons s“'. However, our upper limit 
of 6.0 X 10 ergs cm ^ s ' for the Ha flux (section ^ cor¬ 
responds to ^ 10^' Ha photons s“'. Even assuming that the 
unresolved HRI emission is associated with the warmer PSPC 
component, at a temperature of 1 keV, we still estimate a cool¬ 
ing rate of ^ 6QQMq per year and many more Ha photons than 
allowed by our upper limit. Moreover, in this case we would 
have the unusual situation of the cooling component having 
a higher temperature than the gas feeding it. The problem is 
compounded by the fact that the Ha measured from cooling 
flows is typically 10 to even 1000 times larger than predicted 
by the simple one photon per recombination argument, imply¬ 
ing additional excitation processes (Donahue & Voit 1997). We 
therefore conclude that it is extremely unlikely that the compact 
X-rays have a hot-gas origin. 

Table || compares the minimum internal pressure, Emin, for 
features in the radio source with the pressure from the X-ray 
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Fig. 6.— Flux-calibrated observed-frame spectrum of the core of J2310-437, obtained with the CTIO 1.5 m telescope. Flux density, 
in units of ergs cm“^ s“' A“', is plotted against wavelength in A. There is no evidence for an AGN in the spectrum from emission 
lines or the size of the Ca II break (at 4350 A observed frame, 4000 A rest frame). The flux density is lower than in the earlier 
spectrum of Tucker et al. (1995) due to a different slit size and extraction region. 


Table 4 

Parameters for the Cluster X-ray Emission around J2310-437. 


Parameter 

Value 

Reference 

Redshift 

0.0886 

1 

Galactic Nh 

1.5 X 10^“ cm-^ 

2 


2/3 

3 

8c. “ 

55 arcsec 

3 


(2.84 ±0.49) X 10-'’ PSPC cts arcsec-^ (0.17-1.8 keV) 

3 

Total count rate 

0.054±0.01 PSPC cts s-‘ (0.17-1.8 keV) 

3 

kT, Abundance 

1.18 keV, 50% cosmic 

4 

Central density 

1.9 X 10“^ cm-^ 

3 

io. 1-2.4 keV 

2.6 X 10^^ ergs s^* 

3 

io.5-2.4 keV 

1.8 X 10^^ ergs s^* 

3 


^ For (3 model of the form S = Bo(l + Ir)*^’^ 

^cx 


References. —(1) Tucker et al. 1995; (2) Tananbaum et al. 1997 based 
on Heiles & Cleary 1979; (3) this paper; (4) ROSAT PSPC from Tananbaum 
et al. 1997 
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emitting cluster gas. We find that the gas is over-pressured with 
respect to Pminj as is common for kpc-scale structures of low- 
power radio sources (e.g., Morganti et al. 1988, Bohringer et 
al. 1993, Trussoni et al. 1997). Possible explanations (e.g., 
Hardcastle, Worrall & Birkinshaw 1998b) include dynamical 
effects, where the outer radio structure is expanding, or con¬ 
tributions to the jet pressure from relativistic or thermal (en¬ 
trained) protons, or clumping. X-ray maps of higher resolution 
than from the PSPC are required for a more detailed assess¬ 
ment of the relationship between the rather unusual outer radio 
structure (section 3.3) and the X-ray emitting cluster medium. 


5.2. TheAGN 

5.2.1. Radio morphology and X-ray strength 

The most striking features of the radio maps of J2310-437 
are 


1. the flat-spectrum radio core, seen in the C- and X-band 
maps; 

2. the one-sided, small-scale jet, seen best in the C- and X- 
band maps; and 

3. the two-sided large-scale plumes, seen best in the L-band, 
low-resolution image. 

The immediate inference from (1) is that J2310-437, despite 
its “normal” optical appearance and line-free optical spectrum, 
does indeed host an AGN. Much of the interest in studying this 
object then shifts to attempting to understand what type of AGN 
we are observing. 

The large-scale, two-sided radio morphology of J2310-437 
seen in the low-resolution images is reminiscent of the struc¬ 
tures of Fanaroff and Riley (1974) type 1 (FRl) radio galax¬ 
ies - “plumes” of radio emission extending to either side of 
the bright central part of the source near the radio core, and 
with no sign of “hot-spots” in the radio lobes. At high resolu¬ 
tion the source exhibits a 1-sided jet as often seen in FRl radio 
galaxies. The relatively low L-band radio power of the source, 
Pi 384 ~ 3.5 X 10^' ergs s“* FIz“', is also consistent with its clas¬ 
sification as an FRl radio galaxy (Owen & White 1991). 

However, the associated X-ray emission, at li kev = 1.5 x 10^® 
ergs s“^ Hz“\ is anomalously bright for FRl radio galaxies; a 
representative sample of such radio galaxies have l\ kev in the 
range 6 x 10^^ to 10^^ ergs s“' Hz“^ (Worrall 1997). The core 
X-ray power of J2310-437, Po.i-2.4keV « 1.7 x 10^'* ergs s“', is 
more similar to that of a BL Lac object. But if we interpret 
J2310-437 as a BL Lac object embedded in an elliptical galaxy, 
we must ask 

1. Is the radio structure similar to that of other X-ray se¬ 
lected BL Lacs (XBLs)? 

2. Why do we not see a classically-bright optical nucleus of 
BL Lac type? 

3. Are there other objects of similar type, largely unrecog¬ 
nized in existing samples of X-ray or radio sources? 

While radio-selected BL Lacs are dominated by bright, vari¬ 
able, and polarized radio nuclei, and have featureless optical 
spectra, XBLs have lower radio powers and are generally found 
in lower-redshift galaxies (Schwartz et al. 1989). For a sample 
of 20 XBLs from the HEAO-1 Al survey, Laurent-Muehleisen 


et al. (1993) find an average total radio power Fl-band ~ 10^* 
ergs s“' Hz“', an average core/extended L-band emission ratio 
R4 4, and an average 7’2kev/Fl-band ratio sa 10“^. In J2310-437, 
the total radio power (« 3.5 x 10^' ergs s“' Hz“') lies close to 
the expected value, the radio core is weak (the core/extended 
L-band ratio is < 0.25), and the ratio of the X-ray and extended 
radio powers is low at « 2 x 10“^, although not as low as the 
average value of Ra 3 x 10“^ found by Laurent-Muehleisen et 
al. (1993) for a sample of FRl radio galaxies. J2310-437 lies 
within the range of properties seen for the XBLs, but with radio 
and X-ray cores which are at the weakest end of the distribution 
with respect to extended radio power. This may suggest that the 
core of J2310-437 is less subject to relativistic boosting than an 
average XBL. 

0548-322 is a weak-cored XBL in the HEAO Al sample; it 
has been mapped by Antonucci & Ulvestad (1984) and Laurent- 
Muehleisen et al. (1993). This source has several similarities 
to J2310-437; z = 0.0689, Pb-band = 8 x 10^' ergs s”' Hz”', 
core/extended L-band ratio of 0.2, and Pakev/Pr-band « 4 x 10“®. 
The radio structures and polarization are also similar: 0548- 
322 shows large-scale radio plumes, extending over more than 
150 kpc, and the central structure suggests that a one-sided jet 
may be present. The linear polarization is ^ 10 per cent in the 
core and ^ 8 per cent in the extended emission, with a trans¬ 
verse magnetic field in both regions. The optical field of 0548- 
322 indicates that, like J2310-437, it is embedded in a cluster 
(in this case Abell richness class 2; Ealomo, Pesce & Treves 
1995), and the absolute magnitude of the host galaxy of 0548- 
322 (My = -23.4) is brighter than J2310-437 (My = -22.67; 
Tucker et al. 1995) by a factor similar to the ratio of total radio 
powers. 

The main difference between the two objects is the presence 
of strong optical continuum in 0548-322, where ~ 50 per cent 
of the 4200 A light (observed frame) comes from the AGN 
(Ealomo et al. 1994). This is large, particularly considering 
the fact that the effective aperture used in the observations was 
8" X 8" and so dilution due to galaxy light should be relatively 
higher than in our observation of J2310-437 for which ^ 28 per 
cent of the 4200 A light can originate in an AGN. Through its 
radio and X-ray resemblance to 0548-322, we interpret J2310- 
437 as a BL Lac embedded in an elliptical galaxy. We now 
consider in more detail why we do not see an optical nucleus of 
the BL Lac type, and just how unusual J2310-437 might be. 

5.2.2. The weak optical nucleus 

Multifrequency parameter values for J2310-437 are summa¬ 
rized in Table |[ Tananbaum et al. (1997) compared earlier lim¬ 
its for two-point spectral indices and aox with AGN from 
the work of Stocke et al. (1990), and concluded that although 
the best overall match was with BL Lac objects, J2310-437 
was either an extreme member of the population or distinct. In 
Tananbaum et al. (1997) the two-point spectral indices are refer¬ 
enced to 5 GHz, 2500 A and 2 keV in the rest frame, whereas in 
this paper we reference them to 5 GHz, 4400 A and 1 keV (rest 
frame) for better comparison with a larger selection of recent 
data for BL Lac objects and to reduce extrapolation errors. Our 
improved upper limit on AGN optical light shifts J2310-437 to 
a more extreme region in (aro, ctox) parameter space (Eig. 
XBLs tend to show some degree of downwards curvature in the 
two-point spectrum between the radio to X-ray, but J2310-437 
is consistent with a single power law of energy index = 0.61. 
The two point radio to X-ray spectral index for the XBLs is very 
similar to that for J2310-437; the 123 XBLs in Eigure ^have 



10 


The extreme AGN J2310-437 


Table 5 

Minimum Pressure in L-band Radio Features and X-ray Gas Pressure. 


(arcsec) 

pa ^ 
(degs) 

FWHM 
(sq arcsec) 

D b 
^eq 

(/i.Gauss) 

P ^ 

^ mm 

(dynes cm“^) 

P c 
^gas 

(dynes cm“^) 

40 

130 

31 X 14 

3.4 

3.1 X 10-‘3 

5.2 X 10-‘2 

40 

355 

25 X 14 

3.9 

4.0 X 10*'^ 

5.2 X 10‘'2 

75 

15 

43 X 37 

1.8 

8.6 X 10^" 

2.5 X 10-‘2 


“Angular distance and position angle of feature from the radio core 

*’Equipartition magnetic field and minimum pressure in radio fea¬ 
ture calculated assuming an electron spectral index of 2.6 extending 
from 3 X 10 ^ to 2 X 10" eV, a plasma filling-factor of unity, and no 
protons. 

“Gas pressure using cluster parameters from Table ^ 


a mean of 0.60 ± 0.01 and a median of 0.6 (this compares 
with steeper average values of 0.86 ± 0.08 for a complete sam¬ 
ple of radio-selected BL Lac objects [Sambruna, Maraschi & 
Urry 1996] and « 0.85 for the cores of low-power radio galax¬ 
ies [Worrall 1997], possibly because of the way the objects are 
selected). So, J2310-437 is not unusual compared with XBLs 
in its ratio of core X-ray to radio emission, but it is extreme in 
emitting so little optical continuum that a broad-band spectral 
break is not required. 

Data for four sources with multifrequency spectra that re¬ 
semble J2310-437, most particularly in having weak or unde¬ 
tected optical continuum coupled with similar X-ray to radio 
ratios, are compiled in Table ^ and plotted in Figure In ad¬ 
dition, eight of the sources from the RASS-Green Bank (RGB) 
XBL sample have seemingly normal elliptical galaxy spectra 
and are treated as candidate XBLs by Laurent-Muehleisen et 
al. (1998); they are plotted as limits in Figure^. Sources with 
limits share J2310-437’s consistency with a single-component 
power law from the radio to X-ray, but none suggests it as con¬ 
vincingly as J2310-437 itself. Moreover, for J2310-437 a hot- 
gas origin for the compact X-ray component is extremely un¬ 
likely (section ed] ) whereas it remains a possibility for the eight 
RGB sources (Laurent-Muehleisen et al. 1998), and indeed for 
similar candidates reported earlier by Brinkmann, Siebert & 
Boiler (1994) and Moran et al. (1996). It will become clear 
whether or not objects like J2310-437 are truly common or rare 
through further optical, radio and X-ray follow-up of AGN se¬ 
lected from radio and X-ray surveys (e.g., Laurent-Muehleisen 
et al. 1998, Caccianiga & Maccacaro 1997). 

5.2.3. A photon-starved jet? 

Since a single power law connecting the radio and X-ray 
cores runs a factor of about 2 below the optical upper limit, it 
is possible to interpret all of this emission as arising from a sin¬ 
gle region of synchrotron-emitting plasma, where the flat radio 
spectrum is attributed to a series of self-absorbed components 
and the optically-thin synchrotron spectral index is as = 0.61. 
Assuming Galactic Nh, the best-fit power-law spectral index to 
the PSPC X-ray emission of 1.43 (Tananbaum et al. 1997) is 
steeper than fixing the X-ray spectral index at 0.61 gives 


= 29 for a fit to the PSPC spectral data as compared with 
a minimum of 18 for 28 degrees of freedom. This result 
may suggest that an energy-loss break in the electron spectrum 
is showing up in the X-ray emission. However, the quality of 
the data and the complicated mixture of non-thermal and ther¬ 
mal emission in the PSPC means that a definitive result on the 
shape of the non-thermal X-ray spectrum awaits X-ray data of 
higher spatial and spectral resolution such as those which could 
be obtained with AXAF 

Using a computer code developed for the work of Hardcastle, 
Birkinshaw & Worrall (1998a), we model the nuclear source 
as a spherical emitting region in which the magnetic field and 
electron energy densities are in equipartition. Assuming neg¬ 
ligible bulk relativistic motion, we can place a lower limit to 
the radius of the emitting region of 0.2 pc; for smaller sizes the 
synchrotron self-absorption cut-off frequency would be above 
2 GHz. For a radius of 0.2 pc the equipartition magnetic field, 
Beq, is « 0.07 Gauss, and the single-component electron spec¬ 
trum must span at least the range E^nia ~ 5 x 10^ to ~ lO" 
eV to give radiation at ~ 2 GHz and ~ 1 keV. The self-Compton 
contribution to the X-ray emission is negligible, at ^ 0.1%. For 


larger objects, scales as ( 0 . 2 pc/r)®/^ and Fmin.max scale as 
(r/ 0 . 2 pc)^/^. 

We argued in section ^.2.1 that, since J2310-437’s core is 
relatively weak compared with its extended (isotropic) radio 
emission, relativistic boosting along the line of sight is likely 
to be small compared with most BL Lac objects. Relativistic 
boosting is quantified by the bulk relativistic Doppler factor, 
(5, which is given by 1/ 7 ( 1-/3 cos 0), where 7 is the Lorentz 
factor, /3 is the velocity as a fraction of the speed of light, 
and 6 is the angle to the line of sight. For a steady jet of 
optically-thin spectral index as and jet to counter-jet ratio R, 


/3cos0 = [(R^^ — 1)/(R^ -I- 1)] (Scheuer & Readhead 1979; 
Begelman, Blandford & Rees 1984). Unified models of BL 
Lacs and radio galaxies with low core to isotropic radio ratios 
suggest 6 ^ 30° (Padovani & Urry 1990). Our measurements 
of R (section then suggest that S <2. 

If the AGN in J2310-437 is BL Lac-like, with a relatively 
large orientation to the line of sight, we have to consider why 
the X-ray emission is so bright (compared with an FRl galaxy 
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Table 6 

Parameters for the AGN in J2310-437. 


Parameter 

Value 

Reference 

Redshift 

0.0886 

1 

Galactic 

1.5 X lO^® cm-2 

2 

ar for radio core 

0 

3 

h GHz for radio core 

(7.0 ±0.1) X 10^“ ergs s^' Hz^' 

3 

/44OO A 

< 32 /rjy 

3 

/4400 a{i^ = 6.82 X lO*-* Hz) 

< 1.3 X 10^* ergs s“* Hz“* 

3 

X-ray count rate 

0.086 ± 0.004 HRIctss-* 

3 

/l keV 

0.4 ± 0.04 ^jJy 

3 


1.43 

4 

h keV it' = 2.4 X 10 ” Hz) 

1.5 X 10^® ergs s“* Hz“* 

3 

L). 1 - 2.4 keV 

1.7 X lO"*"* ergs s^* 

3 


< 0.76 

3 

Oro'’ 

> 0.53 

3 


0.61 

3 


^(Tox = log (/4400 a/^ 1 kev) / 2.5465 
'’(Tro = log (k GHz/l4400 a) / 5.135 
^(Trx = log (h GHz/ll kev) / 7.68 


Reeerences. —(1) Tucker et al. 1995; (2) Tananbaum et 
al. 1997 based on Heiles & Cleary 1979; (3) this paper; (4) ROSAT 
PSPC from Tananbaum et al. 1997 

Note. —Flux densities relate to the observed frame. Luminosi¬ 
ties are for the rest frame. The error in the X-ray flux density in¬ 
corporates uncertainties in the amount of cluster emission but does 
not include spectral-shape uncertainties. 
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Fig. 7.— Data for J2310-437 from Table ^ (star) and sources from Table ^ (crosses) are plotted with those for the 53 RGB XBLs 
(including those with low Ca II contrast) from Laurent-Muehleisen et al. (1998; squares), the complete EMSS XBL sample of 22 
sources from Morris et al. (1991; diamonds) and the complete N-IES sample of 48 XBLs from Perlman et al. (1996a; circles). Open 
symbols show XBLs with no measured redshift. The left plot shows logarithmically the 1 keV X-ray (5x) vs 4400 A optical {So) flux 
density, both normalized by the 5 GHz radio flux density (5,). All flux densities are corrected to the rest frame. The median sample 
redshifts of 0.13 (RGB) and 0.15 (N lES) are used for sources without a redshift. K-corrections for the XBLs use = 0, ao = 1.0, 
and QJx = 1-2 (RBL) or 1.35 (N-IES). X-ray fluxes and K-corrections for the EMSS sample are computed from the ROSAT spectra 
presented by Perlman et al. (1996b). Optical flux densities are computed assuming the 4400 A flux density of a zero magnitude 
object is 10® ® mJy for O-band magnitudes for the RGB and N-IES samples, and 10® "^®^ mJy for V-band magnitudes for the EMSS 
sample. The right hand plot shows the same data in terms of aro vs aox, where these parameters are as defined in TableThe dashed 
line on both plots is the locus of sources with a single spectral slope through the radio, optical and X-ray. J2310-437 is an outlier 
compared with XBL populations and could lie on this locus. 


Table 7 

Parameters for optically deficient nuclei possibly similar to J2310-437. 


Name 

z 

/l keV (/iJy) 

logLrx (ergs s *) 

aro 

Qlox 

arx 

references 

3C 264 

0.0215 

0.45 

43.37 

0.57 

1.06 

0.73 

1,2,3 

E 0336-248 

0.251 

0.45 

45.12 

<0.48 

0.75 

<0.57 

4 

26W20 

0.054 

0.63 

44.75 

> 0.3 

< 1.33 

0.64 

5,6 

PKS 2316-423 

0.0549 

0.85 

44.27 

0.55 

0.95 

0.68 

7, 8,6 

J2310-437 

0.0886 

0.4 

44.12 

> 0.53 

< 0.76 

0.61 

9 


References. —(1) Giovannini et al. 1990; (2) Crane et al. 1993; (3) Tananbaum et 
al. 1997; (4) Halpern et al. 1997; (5) Harris et al. 1984; (6) Silverman et al. 1998; (7) 
Wright et al. 1997; (8) Crawford & Eabian 1994; (9) this paper 


Note. —is the luminosity from 5 GHz to 1 keV in the source frame assuming and 
dox- Eor aox < 1 the X-ray contribution dominates and quoted luminosities extend only to 
1 keV. Parameters for 3C 264 differ from those in Tananbaum et al. (1997) because of the 
redefinition of reference frequencies for the two-point spectral indices and use here of an 
improved (lower) radio core flux density of 200 mJy. The radio flux density for E 0336-248 
is treated as an upper limit due to lack of high spatial resolution mapping. Eor 26W20 the 
X-ray flux density is from the average of the ROSAT measurements, and the optical is dom¬ 
inated by galaxy light; no continuum separation has been attempted in references 5 and 6. 
Eor PKS 2316-423 the higher spatial resolution mapping in reference 7 updates information 
in reference 8. The claimed similarity to J2310-437 is in the last reference for each source. 
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nucleus), and why there is no evidence of optical continuum 
or line emission. Ulrich (1989) has shown that a sample of ra¬ 
dio galaxies selected from the B2 radio survey is particularly 
well matched to BL Lac objects in extended (isotropic) radio 
emission and galaxy magnitude. In Figure we compare our 
upper limit to the emission-line luminosity of J2310-437 with 
measurements for B2 galaxies from Morganti, Ulrich & Tad- 
hunter (1992). The plot shows core radio power on the abscissa 
since a correlation with line luminosity is claimed for larger 
samples of FRl radio galaxies (Baum, Zirbel & O’Dea 1995). 
We find that radio galaxies with the same core radio power 
as J2310-437 generally have lines detectable at levels higher 
than the upper limit for J2310-437. If we assume that the line 
emission in FRl radio galaxies is due to photoionization (but 
see Baum et al. 1995), then we might expect J2310-437’s line 
emission to be enhanced relative to galaxies of the same radio¬ 
core power since its ratio of X-ray to radio strength is higher 
(ctrx = 0.61) than for a typical FRl radio galaxy («„ = 0.85). 
Perhaps this indicates that line-emitting clouds in J2310-437 
are indeed weak or absent. Baum et al. (1995) argue that the 
FRl/BL Lac population is deficient in isotropic radiant opti- 
cal/UV energy with respect to higher-power radio galaxies, pos¬ 
sibly due to a lower accretion rate. J2310-437 may show an ex¬ 
treme ratio of bulk kinetic energy in the jet to radiant isotropic 
energy close to the central AGN. 

The possibility that J2310-437 exhibits a single-component 
synchrotron spectrum from the radio to the X-ray distinguishes 
it from BL Lac objects which show strong curvature and rel¬ 
atively more optical emission. Landau et al. (1986) found the 
radio to X-ray spectrum of a BL Lac object was well described 
by a parabola. A remarkable correlation between the half¬ 
width of the parabola and bolometric luminosity of the source 
(Jones, Rudnick & Landau 1986), in the sense of less luminous 
sources displaying an overall flatter spectrum, led these authors 
to suggest that the underlying physical quantities determining 
the spectra from such sources are limited in number. Worrall 
(1989) showed the X-ray emission in radio-selected BL Lac 
objects was consistent with an extrapolation of the parabola, 
but that a spectral discrepancy hinted at a possible admixture 
of flat-spectrum Compton emission. In Figure ^ we compare 
J2310-437 with the objects from Figure]^ in plotting the size 
of the break in spectral index between a^o and Oox against the 
logarithm of the sum of the two-point radio (5 GHz) to optical 
(4400 A) and optical to X-ray (1 keV) luminosity. The abscissa 
is a measure of the bolometric luminosity whereas the ordinate 
is a measure of the degree of curvature in the spectrum. A corre¬ 
lation of greater curvature with larger luminosity is not apparent 
in this figure, but the extreme position of J2310-437 compared 
with other XBLs is again obvious. 

The work of Landau et al. (1986) has been extended by Sam- 
bruna et al. (1996), who fit parabolas to to the spectra of BL Lac 
objects and core-dominated quasars and argue that lower-power 
sources have higher peak frequencies in In J2310-437 we 
have found that the break frequency may be within or above the 
X-ray band. Since the lack of line emission in J2310-437 may 
indicate an overall shortage of optical and UV photons exter¬ 
nal to the jet in the central regions of the source, the source’s 
properties are consistent with the intensity of external photons 
governing the electron spectral break through Compton cool¬ 
ing; a higher external photon density produces a lower-energy 
electron spectral break (Ghisselini 1997). In J2310-437 the ex¬ 
ternal photon density may be sufficiently low as to allow an 
unbroken synchrotron spectrum from the radio to the X-ray. 


We have interpreted the AGN in J2310-437 as a jet in which 
the electron population produces X-ray synchrotron radiation 
more effectively than in most BL Lac objects and FRl radio 
galaxies. It is important to ascertai n how common or rare such 
sources are, as discussed in section 5.2.2, In particular, the dis¬ 
covery of X-ray galaxies/AGN with optical continuum deficits, 
no emission lines, but no core radio emission (i.e., radio-quiet 
versions of J2310-437) may point to a completely different in¬ 
terpretation. Such a population may have been found by Grif¬ 
fiths et al. (1995), in their so-called ‘passive X-ray galaxies’, al¬ 
though here the authors favor attributing the strong X-ray emis¬ 
sion to a hot coronal halo, possibly in the early stages of a cool¬ 
ing flow, which is an unlikely explanation for J2310-437. 


6. CONCLUSIONS 

The ROSAT HRI X-ray data and ATCA radio imaging and 
polarization measurements confirm the presence of an AGN 
in the elliptical galaxy J2310-437. The radio properties are 
reminiscent of an FRl radio galaxy, even in the sense that the 
cluster-scale X-ray emitting medium around J2310-437 is over¬ 
pressured with respect to the minimum pressure in the radio 
structures. There may be a cooling flow associated with the 
cluster gas, but the central X-ray emission from this would pro¬ 
vide only a small contribution to the compact X-ray source. 

The radio data, including the strength of the core relative 
to the extended (isotropic) emission, suggest an ordinary FRl 
radio galaxy with its jet at ^ 30° to the line of sight. How¬ 
ever, the relative strength of the X-ray emission suggests we 
are observing a low-power BL Lac-type nucleus, and J2310- 
437’s radio and X-ray properties are not entirely without prece¬ 
dent for an X-ray selected BL Lac object. What then makes the 
source extreme is a lack of the expected level of optical contin¬ 
uum. Whereas the multiwavelength spectra of BL Lac objects 
fit parabolas between the radio and X-ray, in J2310-437 a single 
power law connecting the radio and X-ray runs a factor of about 
2 below the optical upper limit, and it is possible to interpret all 
of the emission as arising from a single region of synchrotron- 
emitting plasma. J2310-437 is the most extreme such source 
known. 

Low-power sources are normally the most deficient in central 
isotropic radiant optical/UV energy with respect to jet power, a 
feature which Baum et al. (1995) attribute to low accretion rate. 
Moreover, it is argued that the lowest-power sources have the 
highest (jet) peak frequencies in lyli, (Sambruna et al. 1996). 
J2310-437 may be interpreted as an extreme low-power source 
in which a single synchrotron component extends to, and peaks 
in, the X-ray band, at which point the PSPC data suggest spec¬ 
tral steepening may occur. J2310-437’s low isotropic opti¬ 
cal/UV radiation is consistent with the idea that the intensity 
of external photons governs the electron spectral break through 
Compton cooling (Ghisselini 1997): in this source the external 
photon density would be too low to produce a spectral break be¬ 
low the X-ray. Such an explanation for the AGN in J2310-437 
would be challenged by the discovery of ‘radio-quiet’ versions 
of the source. 
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castle provided software used to calculate physical parameters 
for the radio emission. RAR acknowledges the excellent oh- 
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Fig. 8.— Ha + [N II] luminosity versus 5 GHz core radio power for the B2-seIected sample of low-power radio galaxies (crosses) 
from Morganti et al. (1992; adjusted to Hg = 50 km s“^ Mpc“' used in this paper) and J2310-437 (star). The radio to X-ray spectral 
index of 0.61 for J2310-437 is flatter than for the B2 radio galaxies (average value roughly 0.85) and so the factor of ^ 70 times 
larger X-ray luminosity with respect to a radio galaxy of the same radio core strength makes it surprising that J2310-437 does not 
have lines of a detectable strength. 



Fig. 9.— Size of break in spectral index between am and aox plotted against the logarithm of the sum of the two-point radio (5 GHz) 
to optical (4400 A) and optical to X-ray (1 keV) luminosities for objects from Figure ^with measured redshifts. J2310-437 (star) is 
at the low end of the XBL luminosity range and shows little or no spectral curvature. 
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APPENDIX 

EFFECT OF ROSAT ASPECT CORRECTION ERRORS ON THE J2310-437 HRI DATA 

David et al. (1996) illustrate the effects of residual errors in the ROSAT aspect solution by showing HRI images of 6 stellar sources 
measured at small off-axis angles. They point out that the surface brightness at radii between 5 and 8 arcsec from the center of the 
images can exhibit some asymmetry; the feature is randomly oriented and cannot be predicted through knowledge of the roll angle. 
In particular, a source observed at different epochs, with different roll angles, may be affected differently and unpredictably. 

The problem responsible for this behavior has been described by G. Hasinger in private discussions during 1997. It is believed that 
there are gain changes between neighboring 1 arcmin^ pixels in the aspect camera, with possibly as many as 20-30% of the pixels 
returning inaccurate centroids. The full aspect-camera data are not returned in the telemetry stream, only the computed centroids. 
Problematic pixels may then be used for aspect corrections for some phases of the 402 sec spacecraft wobble which, of amplitude 
about ±3 arcmin, is employed when the HRI is in focus in order to average out any changes in quantum efficiency over the detector. 
Depending on the roll angle and the positions of aspect stars, some observations are entirely free from errors, although which 
observations are unaffected cannot be predicted in advance, nor after the fact (except based on the quality of the X-ray images). 

Since the relative wobble phase is given by the spacecraft clock, which is rarely reset, Hasinger’s suggested procedure for im¬ 
proving the aspect errors in a given data set is to fold the data on the wobble period and divide into some number of phase bins. A 
centroid should be found for data in the resulting set of time intervals for each phase bin in turn. A shift should then be applied so 
that these centroids are aligned. Only data for the same roll angle (which changes in increments of multiples of 1 degree) should be 
analyzed together. The amplitude of the wobble relative to the size of pixels in the aspect camera implies that at least 10 phase bins 
should be used. Morse (1994) showed empirically that for a bright stellar source the spread of counts sharpened significantly when 
sub-images defined using detector coordinates as an indicator of satellite wobble-position were selected and stacked to a common 
centroid. Morse suggests that for an HRI target of 0.35 cts/s (cf 0.1 cts/s for J2310-437), 20 to 30 bins should provide a reasonable 
trade-off between fineness of phase grid and adequate counts for determination of good centroids. 

The 1996 observations of J2310-437 stretched over more than a month and spanned 4 roll angles in a 20 degree band; a severe 
disadvantage. Had there been, within about 6 arcmin of J2310-437, a bright X-ray source identified with a point-like emitter, we 
could have used the radial distribution of its counts as representative of the PRF for the observation; unfortunately no such source 
is present. So, assisted by preliminary versions of IRAF scripts being written by John Silverman and Dan Harris for distribution by 
the US-RSDC/SAO, we attempted the ‘dewobble’ procedure described above on the 1996 data of J2310-437. Rather than analyze 
the data-set as one, we broke it into 5 time intervals, each of constant nominal roll angle. For the sake of centroid accuracy it then 
seemed unreasonable to divide the data into more than 10 phase bins. We smoothed and contoured each of the separate 50 images 
before re-stacking. In only about half the cases did this produce an image which was more radially symmetric than the composite, 
and other cases were significantly more elongated. This suggests that 10 phase bins are too few, but the relative weakness of the 
source coupled with the several changes in roll angle makes it a poor candidate for finer binning. Thus we are not able to correct for 
the spread in the 1996 data introduced by residual aspect errors. 

J2310-437 does, however, present a particularly interesting case in that the 1995 data fit the nominal PRF so well. This fact, 
coupled with the similar flux measured in 1996, leads us to believe that attitude smearing must be the cause of elongation in the 1996 
data. It is then useful to characterize the amount of smearing by fitting a beta model convolved with the nominal PRF to the 1996 
data; the parameters found for the /3 model are then of a size which we would not necessarily believe as real if determined for some 
other data set. We have broken the data into 6 time intervals, where each spans no more than 3 days. For each we have extracted a 
radial profile, using the method described for the 1995 data in the main body of th e text. The net counts range between about 100 
and 1000 counts, depending on segment, vs core radius is plotted in Figure [aT^ for four different values of /3. The plots indicate, 
for example, that a data set which fits a /3 model of /3 = 2/3 and core radius ^ 3 arcsec, or (3 = 0.9 and core radius ^ 5 arcsec, are 
within the regime where aspect smearing could be responsible for the results. 
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Fig. AlO.— Results of fitting a beta model convolved with the nominal PRF to six subsections of the 1996 HRl data, each of duration 
no more than 3 days. Each fit has 14 degrees of freedom. The subsections of data are not of equal length, and the net counts in the 
profiles, clockwise starting with the top-left figure, are 958, 118, 295, 200, 418, and 90. Since the 1995 HRI data indicate that the 
source in reality should be unresolved to the HRl, these fits quantify aspect smearing in terms of /7-model parameter values. 
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